Plainly physical even in its ultimate analysis is death by mechanical destruction, as by grinding. Plainly chemical is the slow death of dry bacteria which is due to oxidation of some essential cell constituents and follows the laws of chemical disinfection. Between the two extremes stand heat and radiation which destroy life by denaturation of some important cell proteins. This denaturation may be considered a chemical or a physical process.
Facts can be used to greatest advantage when the reasons for the facts are completely understood. The object of this review is not an enumeration of facts, but an attempt to correlate the knowledge acquired about physical disinfection, and to understand how physical agents can kill bacteria, or, more generally, how they can bring about the death of any cell.
The applications in the home, in industry and medicine, although of widest use and inestimable value, cannot be considered here. Drying and freezing have been used since prehistoric times to preserve food, but these processes do not sterilize. They may be compared with antiseptics rather than with disinfectants, because they prevent bacterial action and may kill a large proportion of micro6rganisms, but cannot be relied upon to kill all of them. The use of artificial ultraviolet light, to destroy bacteria is of rather recent date. But the application of heat antedates Pasteur's discovery that food spoilage is caused by micro6rganisms. Appert based his process of preserving foods by long-continued heating upon the theory that the air over the food in the container was "rendered to no effect by the action of heat." A considerable canning industry had developed long before Pasteur published his first papers.
I. MECHANICAL CAUSES OF DEATH 1. Death by grinding and shaking. It is obvious that cells are dead when they are broken into many small pieces. Experiments with protozoa have shown that recovery is possible only when the nucleus has remained uninjured. With bacteria and yeasts, recovery after mechanical injury may also be expected if the damage is slight.
To what extent the smaller microorganisms might be broken up mechanically, was not known until Buchner's famous demonstration of cell-free fermentation (1897). Yeast ground with quartz sand was still capable of changing sugar to alcohol and carbon dioxide, but had lost the power to produce colonies on nutrient agar. This experiment calls attention to the bacteriologist's definition of death which differs from the definitions by all other biologists. A bacterium (or yeast) is considered dead when it has lost the power to reproduce.
Bacteria can also be killed by shaking, but vigorous agitation is necessary to bring about a noticeable decrease in the number of viable cells (Campbell-Renton, 1942b ).
An interesting combination of grinding and shaking has been studied by Curran and Evans (1942) who shook bacterial cultures or spore suspensions with different kinds of abrasives, such as glass beads, sand, or carborundum. With uniform shaking on a mechanical shaker, the number of fatal hits per minute must be directly proportional to the number of cells present. With n bacteria at the start, and the fraction p killed per hour (or lOOp % per hour), the number of dead bacteria after the first hour of shaking is np, and the number of survivors is n(l-p). Of these survivors, the fraction p dies again during the next hour, and the fraction (1-p) survives, which makes the survivors after 2 hours of shaking n(l-p) (l-p). After the third hour, the survivors number n(l-p)3 and after t hours, n(l-p)'. If we call the number of survivors b, we have b = n(1-p)' b = (i-p)e n log b -log n =t log(l-p)
-t log (1-p) = log n-log b (a) STERILIZATION OF MICRO6RGANISMS where n is the original number of bacteria, b the number of survivors after t hours of shaking, and K a constant measuring the rate of death.' According to this equation, the logarithms of survivors plotted against time must fall on a straight line. As figure 1 shows, this is actually the case.
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FIG. 1. SURVIVOR CURVE OF THE SPORES OF BACILLUS SUBTIIJS SHAKEN WITH GLAss
BEADS (FROM CURRAN AND EvANS, 1942) The equation is identical with that claimed for the logarithmic order of death by disinfectants or heat. Such identity does not indicate any relation between the two causes of death. They are so entirely different that no conclusion can be drawn from one to the other. In the shaking experiments, the order of death more than 30 years. The equation has been considered in some detail here because radiation, according to the corpuscular theory of light, may be considered as a bombardment with electrons or photons or quanta, and this must result in a logarithmic order of death which will be discussed in a later chapter. Table 1 shows some of the data obtained by Curran and Evans. The chemical nature of the abrasive, its degree of hardness and its specific gravity had no influence on the death rate. Spherical particles appeared more efficient than angular ones, perhaps because they produced larger surfaces of contact by slid- 
STERILIZATION OF MICROORGANlSMS
According to Campbell-Renton (1942b) , bacteriophage is sensitive to shaking, but a great variation of sensitivity was observed with different phages. The shaking was carried out without addition of solid particles. With Salmonella schottmuelleri, the phage was inactivated to a much greater extent than the bacteria. It is possible to obtain apparently phage-free cultures of bacteria by shaking, Oxygen. That high concentrations of oxygen are toxic to bacteria, has been known for a very long time. In his review on inhibition of bacteria by oxygen, Rodenkirchen (1937) (Miller, 1936 , Rodenkirchen, 1937 .
Hydrogen. Very little effect of hydrogen pressure was observed by Larson, Hartzell and Diehl (1918) . A pressure of 120 atmospheres never produced sterile cultures. Of E. coli, only 10 to 40% of the cells had been killed in 24 hours, and the microscope showed many cells to be broken up. Unexpected was the result that "gram-positive bacteria would often become gram-negative, and even the acid-fast character of the tubercle bacteria was impaired."
Nitrogen at 120 atmospheres pressure did not kill the bacteria, nor did it change their morphological characters.
Carbon dioxide has been tested by many authors. Larson et al. (1918) could kill non-sporulating bacteria by 50 atmospheres in about 12 hours, but 40 atmospheres had no effect whatever. Death was not due to the low pH of 3.15 because the bacteria could tolerate this acidity for 48 hours when it was produced by other acids, without the pressure of CO2. Yeast cells survived the same pressure treatment for 48 hours. These authors consider the death to be due to the "sudden change of osmotic tension." "Gram-negative bacilli could be brought to a marked degree of disintegration, although disintegration of all the bacteria in suspension was never attained. The gram-positive cocci suffered little morphologic change aside from slight irregularity in size, and often a tendency to lose their gram-positive character." Very little disintegration was noticed when the bacteria were suspended in broth or saline instead of distilled water. Swearingen and Lewis (1933) assumed that the death of bacteria under high CO2 pressure was due to the formation of gas bubbles within the cell which would make the cell explode when pressure was released. According to their calculations, about 40 pounds (2.6 atmospheres) of surface tension pressure must be overcome to form a gas bubble of the size of a bacterium. Therefore, death by explosion could not occur with low CO2 pressures. However, with pressures less than 40 pounds, they observed a slow rate of death which they ascribed to the precipitation of certain colloid systems.
The Duggar (1936 Duggar ( , p. 1127 Gates (1934) has shown that "the destruction spectrum of pepsin by ultraviolet agrees essentially with its absorption spectrum." This verifies the above statement that only the absorbed rays can produce chemical changes.
Details of the effects induced by different radiations can be more readily interpreted after a discussion of the fundamental cause of death by such rays.
1. The cause of death by irradiation is the inactivation of some essential cell constituents by the energy of the absorbed rays. X-rays have been used for many years to produce mutations in plants and animals (see review by Duggar, 1936) . It is assumed that a quantum absorbed by a chromosome either destroys one or several genes, or disturbs their arrangement. If the destroyed gene is essential for multiplication, the cell may remain alive, but cannot reproduce; it becomes sterile. Micro6rganisms are no exception. Mutations by means of X-rays have been produced in bacteria, (Haberman and Ellsworth, 1939; Lincoln and Gowen, 1942) in yeasts, (Oster, 1934; Lacassagne et al., 1939) and in molds (Beadle and Tatum, 1941-2) . Mutations of molds (Stevens, 1930) and of bacteria (Sharp, 1940) have also been produced by ultraviolet light; and death by ultraviolet may well be considered to be a lethal mutation. Lea and Haines (1940) used this very term, apparently without knowledge of Rahn's (1929 Rahn's ( , 1934 The corpuscular theory of light assumes that rays are minute energy projectiles moving with an enormous speed. They differ greatly in their energy content which is released upon absorption and causes changes which may lead to death. The physicist frequently speaks of a "quantum hit" when he means absorption of a quantum. Therefore, death by radiation is death by bombardment and comparable to death by shaking with glass beads, and we must expect a strictly logarithmic order of death. Most data with cathode rays (Wyckoff and Rivers, 1930) , X-rays and ultraviolet (Wyckoff, 1932; Sharp, 1939) show this. Of the survivor curves for 10 bacteria given by Sharp (1939) seven are straight, while three are concave downwards resembling the survivor curves of multicellular organisms. The exceptions are represented by two staphylococci (which form clumps) and by the thread-forming anthrax bacillus. These bacteria would be expected to produce exceptional curves (Rahn, 1930) . The survivor curves of mold spores are concave downwards (Whelden et al., 1940; Zahl et al., 1939) . This is typical for mold spores by all causes of death (Rahn, 1943) . The data of Gates (1929) for staphylococci are also concave downwards. The one unexplained exception is a curve of the same shape for E. coli suspended in air, observed by Sharp (1940) . are lethal.... The differences in sensitivity to cathode rays shown by the bacteria studied can be explained by the purely physical factor of size."
The explanation is to be sought in the great energy contained in the electron. The same authors state that "a 150 K.V. electron will liberate about 104 ions within less than 0.001 mm3. Together with this ionic shower, X-rays are emitted as a consequence of electron absorption." Since 0.001 mm3 is the same as 1 cubic micron, and approximately the volume of an average bacterium, one absorbed electron can ionize the entire cell to complete destruction. The energy per quantum decreases as the wave length increases. With X-rays, Holweck (1929) and Lacassagne (1928) observed that a cell of Pseudomonas aeruginosa can be killed by absorption of a single quantum, but only if it is absorbed by a definite part of the cell which they call the "sensitive zone." (Wyckoff and Luyet, 1931 This simple theory of death has been questioned by Rentschler et al. (1941) who believe that "the relation between the amount of ultraviolet radiation and the per cent of bacteria killed is determined by the distribution of bacteria of different resistivity to the radiation and is not due to the probability of hitting a vital spot in a given organism by a photon." They prove quite conclusively that bacteria at the stage of rapid cell division are much more sensitive than resting bacteria, at least 5 times as sensitive according to the method of calculation used. However, that does not disprove other experiments which were almost always made with resting cells. A graded resistance cannot explain the logarithmic order of death as Rahn (1943) has shown.
These authors claim further that the single photon-hit theory can hardly explain the fact that a sublethal dose retards the rate at which colonies develop after irradiation. However, this really should be expected. A photon hit, i.e. the absorption of a quantum of ultraviolet radiation, ionizes the immediate environment of the place of absorption. If no life-important gene is destroyed, there is likely to be other injury which, although reparable, may cause considerable delay of development.
Disturbances of the mechanism of cell division and growth coordination by rays have been frequently recorded. Luyet (1932) estimated the amount of injury by various rays upon the spores of Rhizopus nigricans by measuring the average length of mycelium per spore produced within 24 hours after exposure. He also observed spores which swelled to nearly 5 times their diameter, but never produced a mycelium. Oster (1934) reported giant cells of yeasts and two-cell groups from 3 to 8 times the size of normal two-cell groups, after exposure to ultraviolet. Gates (1933) described a loss of cell division, but continuance of growth by E. coli after ultraviolet irradiation. Some cells continued to increase in size, especially in length, but did not divide, and produced filaments, sometimes 50 to 150 ,u in length, with a diameter occasionally three times normal. These cells finally degenerated, or began suddenly to divide.
The mechanism of cell division and co6rdination seems to be more sensitive than that of growth as such, i.e., of organic synthesis, and this again is more sensitive than that of catabolism, of enzyme action and energy provision. Yeast cells exposed to a mercury vapor lamp lost the ability to produce colonies on agar 11 on October 27, 2017 by guest http://mmbr.asm.org/ Downloaded from OTTO RAHN more rapidly than the ability to ferment sugar to alcohol and carbon dioxide (Rahn and Barnes, 1933) . The cells retained: after 20 minutes' exposure, 1.8% of viability, 60.0% fermenting capacity; after 40 minutes' exposure, 0.7% of viability, 39.0% fermenting capacity.
2. Effect of temperature. A single quantum of ultraviolet rays or of rays of shorter wave length, if absorbe'd at a specified location in the cell, destroys that cell's capacity to reproduce. An increase in temperature does not increase the energy liberated by absorption. It may, however, increase slightly the radius of the ionization zone around the absorbed quantum. Thereby, a slight increase in deaths may be observed at higher temperatures for such cases where the quantum hit was not close enough to the sensitive zone to cause inactivation at low temperature, but is just sufficient at the higher temperature. This leads to the assumption of a temperature coefficient analogous to that of photochemical reactions, which amounts to an almost negligible increment.
All Gates (1929) found an average of 1.1, E. Smith (1935) observed with Fusarium spores between 0 and 40 C a temperature coefficient of 1.13. This is definite proof that death is not caused indirectly, e.g., through formation of toxic peroxides. The lethal effect of peroxides would have a much higher temperature coefficient.
3. Effect of wave length. The death rate depends upon the number of quanta absorbed as well as upon the energy per quantum. In the range of cathode rays and X-rays, no preferential absorption of certain wave lengths has ever been observed, and death depends only upon the amount of incident energy.
In the ultraviolet range, different organic compounds are characterized by their preferential absorption of certain wave lengths, and we must expect the strongly absorbed wave lengths to cause more damage per erg per mm2 of incident energy than those wave lengths which are but slightly absorbed. Gates (1930) fig. 4 ).
In his study of the effect of the entire range of electromagnetic waves on three fungi, Johnson (1932) 4. Sensitivity of different species. The differences between different species in their resistance to X-rays or cathode rays have been explained by to be due simply to differences in size. Almost any absorbed quantum of these rays is lethal, and there seems to be no significant species difference of absorption.
This is also true for ultraviolet radiation. All investigations have shown that the sensitivity of different species of bacteria varies but little. Sharp (1939) working with 10 species reports, as extreme variations of energy required to kill, 168 ergs per mm2 for dysentery bacteria, and 337 ergs for diphtheria bacteria. Even bacterial spores are easily killed. Sharp found in 1939 that a culture of B. anthracis with spores required 452 ergs. In 1940, he observed that a sporecontaining culture of B. subtilis sprayed into air had to be exposed 2 to 3 times as long as E. coli to obtain the same killing effect. Duggar Lea and Haines (1940) found the spores of B. mesentericus to require 5 times as much energy as E. coli.
The similarity of the death curves suggests that the molecules, whose inactivation by ultraviolet causes death, are similar in the different species. This agrees with the conception of death as a lethal mutation, because genes must be considered as nucleoproteins, and though they may differ specifically, their absorption spectra are probably quite similar.
The spores of molds are more resistant, and the resistance varies greatly with the species. Fulton and Coblentz (1929) Koller (1939) that spores of Aspergillus niger require 50 to 100 times as much energy as E. coli is not contradictory.
The virus of tobacco mosaic was far more resistant than the spores of B.
subtilis or of B. megatherium, but responded essentiaUy to the same wave lengths (Duggar and Hollaender, 1934) . Ultraviolet rays are widely used for the sterilization or air, especially in hospitals and operating rooms (see review by Hart and Sharp in Glasser's Medical Physics, 1944) . They are also employed to decrease the contamination from the air of breweries, bakeries, meat and vegetable storage rooms (see review by Porter, 1940) .
Ultraviolet radiation has been used for the sterilization of the water supplies of a few cities in France. The process is efficient, but expensive. Many laboratory attempts have been made to sterilize milk, but this method has not been used as yet by the dairy industry (Supplee et al., 1941) . Sterilization of solid objects must necessarily be limited to the very surface, and while fair success is claimed for meat in storage (Porter 1940 Rogers, 1914. may contain as many as 700,000,000 viable bacteria per gram" (Fundamentals of Dairy Science, 1935, p. 432) . Commercial yeast cultures are usually dried on some cereal constituents; lactic cultures for dairy starters are sometimes dried on lactose; the rapid absorption of 5% water of crystallization by anhydrous lactose may be of help in rapid drying. Bacteria in soil survive drying quite well. Rahn (1907) The survival of bacteria during the process of desiccation and afterwards is of importance in public health as well as in food preservation. In the manufacture of milk powder, for instance, not all bacteria are killed. Even the severe treatment of the drum-drying method, where the milk flows onto rotating, steamheated drums and is scraped off as a paper-thin, dry sheet, leaves some vegetative forms alive. According to Supplee and Ashbaugh (1922) , usually only one out of 10,000 bacteria survives. The very rapid spray-drying process yields a much higher survival ratio. The book of Hunziker (1935) 2. Death of dry bacteria. The death rate of dry bacteria was first studied by Th. Paul (1909) and by Paul, Birstein and Reuss (1910) . Staphylococcus aureus was dried on garnets, and the cells died slowly, and in logarithmic order, when kept at room or incubator temperatures. The actual cause of death was found to be oxidation. Rogers (1914) also found a higher death rate in air or in oxygen than in vacuo, in hydrogen or carbon dioxide. However, bacteria die also in the complete absence of oxygen, though quite slowly. The cause of this death has never been studied.
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The order of death is esentially logarithmic as may be seen from fig. 5a which shows the average decrease of viable bacteria in 9 samples of milk powder kept at 5 different moistures. The break at about 500 bacteria per gram may Otten, 1933) be due to spores or very resistant species. Fig. 5b shows the decrease of viability of dried smallpox vaccine kept in high vacuum at room temperature in the tropics, according to Otten (1933 Campbell-Renton, 1942. providing cultures for commercial purposes: magic yeast, starters for dairy purposes, and nodule bacteria dried on soil. Bacteria are also dried to prevent them from changing their properties by mutation, dissociation or adaptation. Most of these cultures, if they are to remain alive for a very long time, are kept in a vacuum and at very low temperatures. How they gradually decrease, may be seen from Campbell-Renton's (1942a) experiences with the very sensitive cholera vibrios kept at room temperature in a high vacuum over P205 ( higher temperatures, bacteria die more rapidly, but the gradual increase in the death rate is due merely to an increase in the rate of oxidation; there is no abrupt change in the death rate at the maximum temperature of growth, nor at any other point. Otten (1930) found dried typhoid, dysentery and cholera bacteria able to survive 37 C for many months, 42 C for several weeks, 58 to 60 C for 7 to 10 days, and even 100 C for 1 to 2 hours. Boysen (see Rahn, 1932 p. 309) measured the death rate of yeast dried on infusorial earth and on sand. The temperature coefficient between 60 and 98 C fluctuated between 4.2 and 6.8 while between 30 and 50 C, it varied from 2.1 to 4.1.
Though dry heat is used in all laboratories to sterlize Petri dishes, pipettes and other equipment, there seems to be a surpnsing lack of a systematic study Rahn and Bigwood (1939) at 0 to 2 C. The original number of 227 million cells per ml of milk decreased in 114 days to 16,000 per ml when the culture was not treated; 34,000 per ml when the culture was neutralized at the start; 450,000 per ml when the air was replaced by nitrogen; 63,000,000 per ml when the culture was neutralized and kept under nitrogen.
Apparently, death is primarily due to a change of some essential cell constituent by oxidation which is prevented or repaired above the minimum temperature, i.e. as long as the temperature permits the synthetic mechanisms of the cell to function. At 0 C, the oxygen concentration is twice as high as at 30 C. Kylin (1917) observed complete cessation of plasma streaming in the alga Nitella clavata after sudden cooling from 20 to 3 C. Here as with bacteria, the emphasis is on suddenness. It is imaginable that a very rapid temperature change disrupts the cell mechanisms either by upsetting chemical equilibria, or by spatially disconnecting some cell functions which depend upon each other. The observation by Plough (1942) that temperature shocks increase the mutation rate, seems less likely to explain the death of such a high percentage of bacteria although we have leamed to look upon death of bacteria as a lethal mutation (see p. 9). 
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Data of Hilliard and Davis, 1918. S. Freezing. When the water surrounding the bacteria changes to ice, the water inside of the cell usually solidifies too, as its freezing point does not differ greatly from that of the medium. Solidification of the water prevents any kind of metabolic action, and there is some analogy between frozen bacteria and dry bacteria. In both cases, the act of transferring bacteria from the normal into the anhydrous state is a severe ordeal and kilLs many cells, but those which survive die at a very slow rate if kept anhydrous. Hilliard and Davis (see table 6) compared alternate freezing and thawing with the holding of frozen bacteria at -1 C. After freezing and thawing 5 successive times, all cells in cultures of E. typhosa and Serratia marceseens were dead while after remaining undisturbed in the frozen state for 4 days, several thousand cells remained alive, and most of those that were dead had been killed during the initial freezing. The greatest injury by the act of freezing must be due to the change of water to ice which is accompanied by expansion, by crystal formation, and by colloidal changes. Expansion is not so likely to injure the rather elastic cell, but sharp-edged ice crystals may puncture the plasma membrane. Some colloidal solutions, after freezing and thawing, remain unchanged while others show a separation of the concentrated colloid from the liquid phase, the melted crystals. Such separation is commonly observed in frozen cells of plants and animals, and results in death of the cell.
Crystallization requires the presence of seed crystals or the formation of crystallization nuclei by a special collision of water molecules. The probability of such collisions is greatly reduced by colloids. According to Callow (1925) Kyes and Potter (1939) found tubercle bacteria to survive rapid freezing and thawing 20, 40, 80 and even 200 times when frozen in steel test tubes in liquid air, and thawed in hot water. Only one experiment was made with C02-ice in glass tubes, and no growth in vitro could be obtained after 25 alternations of slow freezing and thawing. Storage in the refrigerator for 6 years at -3 C killed all bacteria because the refrigerator was defrosted twice each year which meant twelve very slow freezings and thawings. What seemed offhand to be a most severe treatment, namely, the rapid change over 200 C in liquid air, proved to be rather harmless, thanks to vitrification. The literature on this point, and on freezing generally, has been reviewed critically by Luyet and Gehenio (1940) . Heat is applied in two different ways for the destruction of bacteria. Glassware and certain instruments and materials are sterilized with dry heat. The effect of high temperatures on dry bacteria has been discussed in the preceding pages. Other materials are heated when wet, e.g., foods in the canning process, milk, beer and wine during pasteurization, culture media for bacteria, and surgical dressings. For this process, the term "moist heat" is most commonly used although Chick, in the first detailed quantitative study, spoke of it as "death by hot water." The cause of death in moist heating is quite different from that in dry heating, and the rules applying to the one method do not fit the other. Death by dry heat is primarily an oxidation process; death by moist heat is due to coagulation of some protein in the cell.
1. Thermal death poinl and thermal death time. The standard of comparison of heat tolerance of different species was originally the Thermal Death Point, i.e., the lowest temperature at which a suspension of bacteria is killed in 10 minutes (see Descriptive Chart, Society of American Bacteriologists). This method cannot give comparable results unless the conditions are standardized as to age of culture, approximate number of cells, pH of suspension, dimensions of test tubes and thickness of glass in the test tubes.
Research workers in the canning industry found it more suitable for their purposes to keep the temperature constant and to vary the time. Thermal Death Time is the shortest time necessary to kill all bacteria in a given suspension at a given temperature. Bigelow and Esty (1920) suspended the bacteria or spores to be tested in clear juices from canned foods, distributed the suspension uniformly among a number of small narrow glass tubes, sealed these completely by fusing the glass, and dropped them into an oil bath of constant temperature. Tubes were removed at different times and incubated; survival of any bacteria became evident by clouding of the medium. A review of various slight alterations of technique is given by Beamer and Tanner (1939a) . It is necessary to determine the initial number of cells or spores, because the thermal death time is longer with larger inocula.
2. The order of death. The order of death by heat is logarithmic. From the earliest quantitative measurements by Chick (1910) to the extensive investigations by Watkins and Winslow (1932) , death of vegetative cells as well as death of spores has been found to be logarithmic. The investigations by Bigelow and others of the National Canners Association and the many studies of heat sterilization of spores of Clostridium botulinum, e.g., by Weiss (1921) and Esty and Meyer (1922) have confirmed this. A number of experiments by Beamer and Tanner (1939a, b) with vegetative cells of bacteria and with yeasts gave the same order.
The customary explanation that death is brought about by heat inactivation of the enzymes (see e.g., Isaacs, 1935 ) cannot be correct because, for mathematical reasons, a logarithmic order is possible only when death is due to the destruction of a single molecule in the cell (Rahn 1929 (Rahn , 1943 . To be sure, Edwards and Rettger (1937) Rahn and Barnes (1933) . Microbial enzymes continue to function for a considerable time at temperatures above the maximum for growth. Table 8 shows that centrifuged cells of Streptococcus lactis suspended in buffer solution with glucose ferment rapidly at 42 C and even at higher temperatures. This strain multiplies most rapidly at 33 C and cannot multiply above 41 C, yet at 42 C, the energy available from fermentation is far higher than at 33 C. Multiplication at 42 C cannot be handicapped by the heat inactivation of the enzymes, but by the inactivation of the synthetic catalysts or the cell division mechanism. Similar data have been obtained with yeast which grows most rapidly at 29 C, ceases to grow at 35 C, but ferments at 44 C more rapidly than at 29 C (Rahn, 1932, p 132) .
The mathematical necessity that death must be brought about by destruction of a single molecule brings us back to the definition given in the chapter on radiation that death is a lethal mutation. We may assume that heat coagulation of a single gene prevents reproduction. Such a cell is sterile, and according to bacteriological standards, it is dead, though its enzyme content may not be exhausted. However, the inactivation of the growth mechanism is likely to make repair and replacement of inactivated molecules impossible, and the enzyme content of such sterile cells must gradually decrease and this is evident in table 8. The decreasing enzyme content is the consequence of inhibited growth, and not its cause.
S. Death rates. Regardless of whether we accept the one or the other explanation of the cause of the logarithmic order of death, its existence permits us to compute death rates and to draw conclusions from them which are independent of any explanation. Death rates make it possible to compare the heat resistance of different species at the same temperature, or the heat resistance of one species at different temperatures. It also enables us to describe in quantitative tems the effect of environmental factors, such as concentration of the medium or its pH, upon heat sterilization. Data of Dorn and Rahn, 1939. For the application of heat in the preservation of foods, the death rate constant is too c3umbersome, and simpler constants have been introduced. Baker and McClung (1939) measured the time required, at a certain temperature, to reduce the bacteria to 0.01% of their original number. More elastic in its applications is the Decimal Reduction Time (D.R.T.) by Katzin, Sandholzer and Strong (1942) Ayers and Johnson (1914) , in their study of pasteurization of milk, observed that in cultures of E. coli and of lactic streptococci, a ver few cells were sometimes found which were much more resistant than the great average. They introduced the term "majority thermal deathpoint" for the lowest temperature which kills the large majority of cells in 10 minutes. This phenomenon had been described in detail by Gage and Stoughton (1906) who worked with E. coli. Beamer and Tanner (1939a, b) gave a clearer picture by drawing the logarithmic survivor curves which showed a sharp break, indicating that the remaining celLs had a much greater, but uniform resistance. These experiments included, besides the colon-typhoid group, also several yeasts. Gage and Stoughton could find no evidence of spore formation, and they demonstrated that the greater heat tolerance was not inheritable. In all reported cases, the percentage of resistant cells has been less than 0.1. Whatever the explanation, the great practical importance of these very few highly resistant cells in commercial pasteurization of all kinds of foods is obvious. Chambers and Gaines (p. 8) had a similar experience when killing bacteria by sonic waves.
Very complicated is the mathematical treatment used by Ball (1923 Ball ( , 1928 in the study of the temperatures required in the canning of vegetables. This problem involves not only the heat sterilization of spores, but also the heat conductivity of the cans and their contents. The z and F factors which play an important role in these equations will be discussed later. 4. The temperature coefficient of death by moist heat. The death rate constants are either obtained from plate counts at certain exposure times, from the equainitial number tion Kt = log surivor or they may be computed from the thermal death survvors times. In this latter method, the initial inoculum for all tubes is the same for any series of experiments and the final number of survivors is also the same, namely less than 1, so that the quotient of initial number over survivors is constant." If the death time is determined at the temperatures T1 and T2 (T2 being higher), we may call the corresponding death rate constants K1 and K2, and the death times t1 and t2. Since the order of death is logarithmic, we have the formula K1 t1 = log initial number K survivors or K2 ti
K1 t2
This quotient indicates how much more rapidly death proceeds at the higher temperature T2. This is the temperature coefficient for the temperature increase T2-T1. For comparative purposes, it is customary to give the coeffi-cient for an increse of 10 C which is designated as Qlo. The formula for conversion from Qn to Qio is indicated in the following relation:
10 10 Qio = Qn = n A number of such temperature coefficients of heat disinfection have been compiled by Rahn (1932, pp. 320-323) . For spores, they are fairly uniform, between 8 and 10 at temperatures from 100 to 135 C. With vegetative cells Data of Beamer and Tanner, 1939a, b. at 50 to 80 C, they are usually higher. Some more recent data for vegetative cells are given in table 9. The coefficients computed from the data by Beamer and Tanner fluctuate greatly, each value being the result of only one experiment. This fluctuation is due to the fact that the determination of death rates generally is subject to considerable experimental error; the possibility of error is greatly enlarged when the quotient of two such death rates is computed. Most of the coefficients are above 10, and where they are lower, it is due to the survival of a few individuals with much higher resistance, e.g., in the case of DebaryomycesandMonilia (Rahn, 1943) . The high temperature coefficient makes it practically certain that death by heat is a coagulation (or denaturation) process, as such high temperature coefficients are very rare except with protein coagulation. 
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RATE at To Kr where e is the base of the natural logarithms and ,u is the temperature characteristic of the reaction. It is this value ,u that is constant. As T, calculated Table 10 shows how the temperature coefficient of the same reaction changes when the temperature varies. The upper part of the table shows that reactions with a Qlo of 2, 3 and 4 at 20 to 30 C will have at 170-180 C the much smaller coefficients of 1.36, 1.62 and 1.84. In sterilization by dry heat, where oxidation is the cause of death, a "normal" temperature coefficient of about 3 can be expected, but this value 3 refers to room temperature, and an increase from 170 to 180 C will increase the rate of death only 1.6 times. The lower part of table 10 deals with protein reactions such as coagulation, denaturation, or inactivation, which have very high temperature coefficients. A coefficient of 100 at 50 C corresponds to a Qlo of 23 at 120 C. The fact that the Qlo of spore sterilization in canning averages about 9, while that of milk pasteurization is about 20, does not prove that we are dealing with different reactions. The same reaction with a Qlo of 20 near 60 C has at 120 C a Qioof 8.
So long as temperature effects are studied within the narrow limits of life,
i.e., between 10 and 50 C, the assumption of a constant Qlo does not introduce a great ehtor, but when the range becomes as wide as in the study of death by heat, the assumption of a constant temperature coefficient may be very misleading. Two different methods of pasteurization of milk are permitted by the New York State Department of Health, namely the holding process which consists of holding the milk for 30 minutes at 143 F, and the short-time, high temperature process, usually called the flash heat process, which requires holding for 15 seconds at 160 F. The temperatures are 9.44 C apart (71.11-61.67 ) and the heating time of the one process is 120 times that of the other. This means, that the authorities assumed a Q9.44 (which is practically Qlo) of 120, a very high temperature coefficient for this range.
It is obvious that the temperature coefficients of death cannot be extrapolated into the region of growth. If a bacterium can multiply, though very poorly, at 40 C, but dies at 50 C, the temperature coefficient will equal the death rate at 50 C divided by zero which means Qio = oo. A sharp drop from infinity to the actual temperature coefficient of inactivation of the life processes must be expected, and very high coefficients must be expected at the lowest lethal temperatures. This accounts for the high coefficients found for Escherichia coli near 50 C since its maximum temperature of growth is 47 C. Watkins (1933) computed the increase of death rate between 50 and 55 C to correspond to a Qlo of 560. Baker and McClung (1939) (Barker 1940) . The cause of the great resistance of bacterial spores will be discussed at the end of this chapter.
The medium in which bacteria are suspended can inuence the death rate. The best-known example is the effect of the acidity of the medium. Bacteria die more rapidly in acid or alkaline media than in neutral suspensions. This suggests, of course, the assumption of chemical disinfection rather than physical coagulation, but two facts speak against this. In chemical disinfection, the temperature coefficients should be relatively low while table 9 shows that they are, on the average, higher in acid than in neutral media. Further, yeast which grows better in acid media is killed by heat more easily in acid than in neutral media (Beamer and Tanner, 1939b) .
Extensive experiments on the effect of pH on the heat resistance of spores have been carried out by Weiss (1921) , Esty and Meyer (1922) and others. The study by Townsend, Esty and Baselt (1938) may serve as a more recent example. These authors did not use death rates or temperature coefficients, but the factors F and z which Ball had introduced in 1923 for the computation of processing times in the canning industry. As these two values are frequently used in the canning industry which furnishes the largest amount of data for death by heat, the meaning of these factors will be discussed here.
The value F is the thermal death time of the species at 121 C or 250 F. Te number z is the temperature increase, in degrees Fahrenheit, necessary to reduce the death time to one-tenth. We introduce the temperature coefficient for 1 C, Qi, which can be transformed into Qlo by the simple relation Qlo = Q'°. A few pages earlier, it has been shown that thB ratio of the death rates at temperatures T2 and T1 can be measured by the corresponding death times, viz., K2 tb K1 t2 This ratio is the temperature coefficient for n°= T2-T1 degrees, hence t2
The definition of z specifies that with an increase of z°F, or 0.555zC, the death time t2 is one-tenth of th. Therefore, n = O.M555z and L = 10. The value of z or Qlo indicates the slope of the straight line obtained by plotting the logarithms of death times against temperature. The value F gives one point on this curve, and thus, F and z (or its corresponding Qlo) are sufficient to characterize the thermal resistance of the spores of a species at any temperature.
The authors studied in detail the heat resistance of the spores of two strains of Clostridium botulinum, and of a bacillus isolated from spoiled canned corn. The summarized results are given in table 11 where the z values have been converted into Qlo. With the bacillus spores, the value F, the death time at (1944, p. 962) speaks of a. "food factor" which is the ratio of death time in food juice to death time in neutral phosphate buffer. Different from this chemical effect is the protection afforded by concentrated solutions. The well-known increase of the thermal resistance of bacteria through addition of sugar is usually explained by partial dehydration of the protoplasm. In concentrated solutions of sugar, proteins are not coagulated by heat (Beilinsson, 1929) . According to Fay (1934) 6.4' Data of Baumgartner, 1938. Some inconsistencies in the results by various investigators are explainedby Baumgartner (1938) as being caused by harmful decomposition products'originating from reducing sugars during autoclaving. This is prevented by aseptic filtration. Table 12 shows that the percentages of survivors in the last three solutions, representing non-reducing compounds, are nearly the same in autoclaved and filtered media while the four media containing reducing sugars have become quite toxic by autoclaving.
The theory of dehydration of the protoplasm is too simple to fit the facts. Protection is not proportional to molarity (table 12) , disaccharides protect more than monosaccharides but maltose seems to be an exception. Von Angerer and Kuister (1939) (Virtanen and Pulkki, 1933; Henry and Friedman, 1937) . K. von Angerer and Kiister (1939) (Heim, 1938 (Chick, 1908) . Assuming concentration exponent n = 1, the ratio is 250:1.
e No records could be found on death rates of dried E. coli and of dry bacterial spores at the same temperature. If we assume that dry spores at 1600 die at about the same rate as dry E. coli at 600, the death rate of E. coli at 160°(100°increase, Qlo averaging 2) would be 210 .'1000 times as high as that of spores. d No records could be found on death rates of E. coli and of bacterial spores in water at the same temperature. If we assume that moist spores at 1200 die about as rapidly as E. coli at 600, the death rate of E. coli at 1200 would be obtained by multiplying the rate at 600 with the average temperature coefficient raised to the 6th power. From Table 10 Table 13 shows how many times more resistant bacterial spores, mold spores, viruses and bacteriophages are than E. coli. A comparison of this kind can give only the order of magnitude, because the spores of different bacteria are not equally resistant, the spores of different molds differ widely in resistance to ultraviolet, and the phages and viruses do not react identically either. But the great contrast between bacterial spores and all the other forms is quite striking; and the absence of this contrast with ultraviolet and the differences within each group are suggestive of the different lethal reactions causing death.
Experimentation with the resistance of spores is complicated by a great variability of this property due to environmental conditions. A summary of the literature is given by Theophilus and Hammer (1938) . Bacterial spores will occasionally remain dormant for a long time before germinating. This accounts for the difficulty encountered in the sterilization of food by intermittent heating on successive days. An extensive study has been made by . According to Evans and Curran (1943) Gershenfeld and Witlin, 1941. some of the fatty acids, the alcohols and phenols, the soaps, the dyes, the bile salts, and many of the large number of modem wetting agents and detergents. If the decrease in surface tension were the fundamental cause of death, the bacteria should die when a certain tension is reached, regardless of the chemical structure of the compound used. This is not the case. Ayers, Rupp and Johnson (1923) found streptococci inhibited at different surface tensions when different depressants were used. According to Frobisher (1926) Cationic and anionic detergents neutralize and precipitate each other. The action of Zephiran is inhibited by decyl sulfate or sodium taurocholate (Baker et al., 1941c) or by Aerosol 0 T (Gershenfeld and Perlstein, 1943) . Different from this ionic reaction is the protection of bacteria against detergents by phospholipids, lecithin and related compounds, if they are added either before or simultaneously with the detergent (Baker et al., 1941c) . Addition after the detergent had no effect. Compounds which did not reduce surface tension did not counteract the bactericidal effect. On the other hand, phospholipids did not decrease the germicidal effect of several mercury compounds. Thus, It is frequently stated in literature that a decreased surface tension ofthe medium must increase the efficiency of any antiseptic because the rate of diffusion through the cell membrane is increased. For example, Frobisher (1944) points out that aqueous iodine solutions do not spread easily on the skin while an alcoholic solutiot has a much greater wetting power. This leads him to the conclusion in the next paragraph that solutions of disinfectants in dilute alcohol or in similar solvents which have low surface tensions, are much more likely to be effective than when dissolved in water. However, Gershenfeld and Miller's data (1932) prove this to be a poor example because with iodine, the difference However, while not a general phenomenon, the efficiency of some disinfectants at specified concentrations may be increased by surface tension depressants. The increase may be quite noticeable. Gershenfeld and Witlin (1941) This assumption is in agreement with the experiments by Frobisher (1927) who found that a small quantity of sodium oleate (0.25 ml of a 1% solution)
increased the efficiency of phenol slightly, while 0.5 ml decreased it greatly. Ethyl acetate (0.1 ml) increased the efficiency of phenol and of hexyl resorcinol TILLEY, 1939) considerably. All compounds tested decreased surface tension. The assumption also agrees with the extensive experiments of Schaffer and Tilley (1930) with mixtures of soap and phenolic compounds. 
